Background: China has more than 18% of the global population and over 770 million workers. However, the burden of disease attributable to occupational risks is unavailable in China. We aimed to estimate the burden of disease attributable to occupational exposures at provincial levels from 1990 to 2017. Methods: We estimated the summary exposure values (SEVs), deaths and disability-adjusted life years (DALYs) attributable to occupational risk factors in China from 1990 to 2017, based on Global Burden of Disease Study (GBD) 2017. There were 18 occupational risks, 22 related causes, and 35 risk-outcome pairs included in this study. Meanwhile, we compared age-standardized death rates attributable to occupational risk factors in provinces of China by socio-demographic index (SDI). Results: The SEVs of most occupational risks increased from 1990 to 2017. There were 323,833 (95% UI 283,780 -369,061) deaths and 14, 060,210 (12,022,974 -16,125,763) DALYs attributable to total occupational risks in China, which were 27.9 and 22.1% of corresponding global levels, respectively. For attributable deaths, major risks came from occupational particulate matter, gases, and fumes (PGFs), and for the attributable DALYs, from occupational injuries. The attributable burden was higher in males than in females. Compared with high SDI provinces, low SDI provinces, especially Western China, had higher death rates attributable to total occupational risks, occupational PGFs, and occupational injuries. Conclusion: Occupational risks contribute to a huge disease burden in China. The attributable burden is higher in males, and in less developed provinces of Western China, reflecting differences in risk exposure, socioeconomic conditions, and type of jobs. Our study highlights the need for further research and focused policy interventions on the health of workers especially for less developed provinces in China to reduce occupational health losses effectively.
Introduction
China is the most populous country in the world with a population of 1.37 billion [1]. Over the past few decades, China has emerged as a global leader in manufacturing with growing competitiveness and increasing impact on the global economy. However, rapid economic growth also brings to the workplace a variety of risks that threaten the health of workers. There are more than 770 million workers in China, and more than 200 million workers are exposed to occupational hazards [1, 2] . It has become a priority for China to meet the challenges in the monitoring of the health of workers and in the improvement of occupational health services.
Occupational risks, as part of environmental hazards, contribute to the development of many diseases and injuries [3] [4] [5] [6] [7] [8] [9] . By evaluating burden attributable to occupational risks, accurate and comprehensive data can be offered to policymakers to effectively prevent related health losses. Although attempts have been made to estimate the burden of air pollution at the national level [10, 11] , only a few studies estimated the burden of occupational carcinogens and injuries and they were limited to several provinces of China [12] [13] [14] . Additionally, occupational exposure exhibits spatial and temporal heterogeneity and is closely related to socioeconomic levels in different regions. Therefore, a comprehensive study on the spatiotemporal trend of the burden of disease attributable to occupational risks is urgently needed in China.
In this paper, we evaluated the disease burden levels attributable to 18 occupational risks and their geographical heterogeneity by socio-demographic index (SDI) in China from 1990 to 2017, as part of the Global Burden of Disease Study 2017 (GBD 2017). We aimed to find out the key problems in occupational health so as to provide useful information for occupational protection strategies and interventions in China.
Methods

Overview
The comparative risk assessment (CRA) approach was developed to estimate levels and trends of sex-specific, risk-specific, and cause-specific mortality and disease burden of behavioral, environmental, occupational, and metabolic risks from 1990 to 2017 for 195 countries and territories in GBD 2017 [15] . The detailed framework and data analysis methods have been provided previously [16] [17] [18] . In the CRA framework, the attributable burden was calculated as the reduction in the current disease burden if the past population exposure shifted to the counterfactual level of risk exposure. By using a consistent approach, CRA allows rankings and comparisons among deaths and DALYs attributable to various risk factors, providing further data guidance for policymakers. SDI as a combined indicator was estimated based on fertility among women, years of education and income per person. The SDI of China in 2017 was estimated in our previous article [19] . Here we focused on accessible data of occupational risks from GBD 2017 to estimate the disease burden attributable to occupational exposure in China.
Risk factors and related causes
Risk-outcome pairs satisfying the World Cancer Research Fund (WCRF) grades of convincing or probable evidence with biologically plausible associations were included in GBD 2017 [15] . There are 18 occupational risks, 22 Tables S1-S3 .
Estimation of exposure
Data for occupational risk factors were collected from all accessible resources. The data included raw data on Chinese economic activity proportions, occupation proportions, employment to population ratio estimates, and fatal injury rates from the International Labour Organization, survey data including China National Population Census, China Intercensal Population Sample Survey of One-Percent, China International Social Survey Programme [15] . The Spatio-temporal Gaussian process regression (ST-GPR) approach was used to integrate multiple data inputs and generate year-specific, and location-specific estimates. For each occupational risk, the theoretical minimum risk exposure level (TMREL) was assumed to no given risk exposure or the lowest levels of risk exposure without established riskoutcome (Table S1 ). Education, geological information and the socio-demographic level were included in models as covariates. 
Where E r,p,l,y,s,a is the prevalence of exposure for risk factor r in province p at level l in year y, sex s, and age group a. P e,p,y is the proportion of economically active population in province p, economic activity e, and year y. EAP p,y,s,a is economically active population in province p, year y, sex s and age group a. Exposure rate r,l,e is the rate of exposure to risk factor r at level l in economic activity e. E r,p,y,s,a is the prevalence of exposure for risk r in province p, year y, sex s, and age group a. P occ,p,y is the proportion of economically active population in occupation occ in province p, and year y. Occupational fatal injuries p,y,s,a is the occupational fatal injuries counts in province p, year y, sex s and age group a. Injury rate e,p,y,s is the injury rate of economic activity e in province p, year y and sex s. Population p,y,s,a is the population in year y, province p, sex s and age group a. All occupational risk exposures were estimated for ages 15 and older. The estimates were further divided by the sum of all the estimates to be rescaled to sum as 1 across different categories.
Relative risks and the population attributable fraction
Information from the cohort, pooled cohort, and casecontrol studies was obtained to determine the relative risk for each risk-outcome pair by systematic reviews in GBD 2017 [15] . The risk factors were categorized based on the measurement of exposure: dichotomous, polytomous, and continuous. The relative risks for each exposure category were listed in Tables S4 and S5 .
The population attributable fraction (PAF) is the proportion of outcomes or causes in the population that are attributable to the associated risk factor [20] . It is estimated independently by relative risks and calculated as the proportion of the decreased outcome among a given population if the past exposure levels of risk were reduced to the counterfactual level of the TMREL in a given year.
The equation for calculating PAFs of occupational risks with the exception of injuries: 
Where PAF r,c,p,y,s,a is the population attributable fraction for cause c due to risk factor r in province p, year y, sex s and age group a. RR r,c,s,a is the relative risk as a function of exposure level x (ranged from lowest exposure level (l) to highest exposure level (u)) for risk r, cause c, sex s, and age group a. P r,p,y,s,a (x) is the distribution of exposure for risk r, in province p, year y, sex s, and age group a. TMREL r,s,a is the theoretical minimum risk exposure level for risk factor r, sex s, and age group a.
The equation for calculating PAFs of occupational injuries: 
Where PAF p,y,a,s is the population attributable fraction in province p, year y, sex s and age group a. Occupational fatal injuries p,y,s,a is the occupational fatal injuries counts in province p, year y, sex s and age group a. Fatal injuries p,y,s,a is the total fatal injuries counts in province p, year y, sex s and age group a, which were obtained from causes of death in GBD 2017 [15] . And the PAFs of multiple risks are aggregated by a mediation adjustment to calculate the excess attenuated risk. The PAFs for different causes were shown in Table S6 .
Estimation of attributable burden
For the given exposure risk-outcome pair, the attributable deaths were estimated as total deaths for the outcome multiplied by the PAF for the risk-outcome pair [15] . The other three metrics of burden including years of life lost (YLLs), years lived with disability (YLDs), and DALYs (the sum of YLLs and YLDs) were also assessed in a similar way. The attributable burden was estimated by location, age, sex, and year. The standard population from WHO was used to calculate age-standardized deaths and DALYs per capita for each country.
Summary exposure values
Summary exposure values (SEV) is an exposure metric of the risk-weighted prevalence of each risk [15] . SEV standardizes the prevalence by relative risks of related causes to offer a concise comparable summary of risk exposure for different locations and years. The range of SEV is from 0 to 100%, where 0% indicates no given risk exposure in a population, and 100% means the total population is exposed to the maximum possible level for a given risk.
Results
There were SEVs for 17 occupational risks with the exception of occupational injuries in GBD 2017 ( Table 2 ). The leading exposure category for SEVs was ergonomic factors, followed by asthmagens, noise, and PGFs. All-age SEVs of 15 in 17 occupational risks increased from 1990 to 2017 in China. Age-standardized SEVs for three risks increased by more than 20% from 1990 to 2017: occupational exposure to benzene, trichloroethylene, and chromium. Conversely, SEVs for occupational ergonomic factors and asthmagens decreased by more than 20%.
As shown in Table 3 , there were 323,833 (95% UI 283780-369,061) deaths attributable to total occupational risks in 2017, China, which accounted for 27.9% of global attributable deaths. The deaths attributable to PGFs, carcinogens, injuries, and asthmagens accounted for 57.8, 21.1, 20.8, 0.2% of deaths attributable to total occupational risks in 2017, respectively. From 1990 to 2017, age-standardized death rate attributable to injuries, PGFs and asthmagens declined by more than 60%, but the rate attributable to carcinogens increased by 16.8%.
As shown in Table 4 , there were 14,060,210 (12,022, 974 -16,125,763) DALYs attributable to total occupational risks in 2017, China, which accounted for 22.1% (Table S7) . For different genders, we have not observed a wide difference in SEV between males and females (Table S8) . Deaths attributable to total occupational risks in males were over 2.0 times than in females in 2017. As shown in Fig. 1 , the leading risk was occupational PGFs for deaths in both sexes, but for DALYs, the leading risk was occupational PGFs in females and occupational injuries in males. DALYs attributable to total occupational risks were higher in males than in females.
Age-standardized death rates attributable to total occupational risks, carcinogens, asthmagens, PGFs, and injuries in the provinces of China grouped by SDI in 2017 are shown in Fig. 2 . Compared with high SDI provinces, low SDI provinces had higher death rates attributable to total occupational risks, occupational PGFs, and occupational injuries. Western China, especially for Yunnan and Tibet, had the highest death rates attributable to total occupational risks, while Liaoning and Heilongjiang in Eastern China had the highest death rates attributable to occupational carcinogens. The highest death rates attributable to occupational PGFs and injuries mainly concentrated in Western China. Age-standardized DALY rates attributable to total occupational risks by the provinces of China in 2017 showed similar results that Western China had higher occupational age-standardized DALY rates than other regions in China (Fig. 3 ).
Discussion
To our knowledge, this study presents the first comprehensive assessment so far of burden attributable to occupational risks at the provincial level of China in 2017. China has a huge labor force. The most up-todate estimation of the disease burden attributable to occupational exposures provides important insights into health losses related to occupational risks in China. Meanwhile, the standardized assessment of attributable burden to different risk factors enables direct comparison and priority ranking. The SEV provides a concise and comparable summary of risk exposure for different locations and years [15] . Rapid industrialization in China has been accompanied by increased occupational carcinogen exposures. Our study showed SEVs of most occupational carcinogens increased in the past 28 years, especially for asbestos, trichloroethylene. Over the past half-century, the production of asbestos in the world has been transferred to developing countries [21] . China produces about 16% of global total output and is the second-biggest consumer of asbestos in 2016 [22] . Trichloroethylene use has been increased with China's growing telecommunications, electronic, and microelectronics industries since the early 1990s [23] .
China has the largest occupational disease burden in the world. We estimated that 0.3 million deaths and 14.1 million DALYs were attributable to total occupational risks in 2017, China, which might be attributed to the huge number of labor force. Occupational injuries were the leading risk for attributable DALYs in China. A previous report showed occupational injuries and disabilities were common among Chinese workers [24] . In comparison, the leading risk for occupational burden was ergonomic factors in developed countries. Socioeconomic inequality is one of the main reasons for this difference [24] [25] [26] [27] [28] . The type and income of occupations, age, and education levels are important influence factors of occupational injuries [25, 26] . The economic transition from agriculture to manufacturing industry causes the migration of great rural labor forces into factories, and migrant workers have become an important part of the population who are subject to occupational hazards [29, 30] . For example, migrant workers account for 80% of total workers in the construction industry [24] . With poor educational backgrounds, migrant workers are only able to locate jobs with low wages, high-risk operation, and long working hours. They also have a lower sense of self-protection and less experience. Almost all of the occupational injuries and deaths are preventable [31] . Therefore, more vocational training and safety education targeting migrant workers are necessary to prevent health loss in China.
Although the burden attributable to all occupational risks is higher in China, it has declined more than 50% over the past three decades. The Chinese government has made numerous efforts to protect the health of workers in China, including revision of the occupational law, development of new technologies and monitoring of occupational diseases. It is further supported by coincidence The western provinces in China have the highest death and DALY rates attributable to occupational risks. The spatial inequality of disease burden for occupational hazards is similar to previous studies on environmental and occupational burden of diseases in Iran [28, 32] , which might be attributed to the regional inequality of socioeconomic level and medical services of occupational diseases. Institutions certificated to diagnose the occupational disease concentrate in big cities and developed areas, with few institutions in less developed areas, especially for Western China. The imbalance between supply and demand is challenging the medical services of occupational diseases for workers from the western region.
A number of limitations exist in our estimates. The most important limitation is the lack of accessible data on the prevalence of occupational exposure in China. Scarce data are available for the specific exposure levels of occupational risks, compared with air pollution and hazards in drinking water [11, [33] [34] [35] . The exposure levels are estimated by the proportion of the population in specific types of work where the exposures are expected. The exposure assessment for occupational carcinogens was based on carcinogen exposure (CAREX) database, which included 32 million workers exposed to almost all known and suspected carcinogens in the 15 countries of the European Union in the early 1990s [36, 37] . However, workers in developing countries are likely to be exposed to higher levels of occupational hazards than developed countries. Employing CAREX data may underestimate the health effects in developing countries [38] . Meanwhile, China is a top producer of cement, coal, iron, steel with rich mineral reserves and resources. Rapid industrialization in China in recent years also brings more categories of jobs and occupational hazards. More efforts are required to more accurately determine the proportion of the working population exposed to occupational hazards in China.
Due to the stringent causal criteria, many risk-outcome pairs were hampered to be included in GBD estimates, which leads to underestimation of the disease burden attributable to occupational risks, in comparison with other published studies [39] [40] [41] [42] . For example, benzene can cause not only leukemia but also myelodysplastic syndromes, multiple myeloma and non-Hodgkin lymphoma [43] [44] [45] . Apart from lung cancer, arsenic exposure can also cause urothelial cancer, skin cancer, and [46] . Meanwhile, disabilities in GBD methods are associated with health conditions confined to the most common sequelae of occupational exposure but not mental disorders [42, 47] . Furthermore, there are joint effects attributable to co-exposure of multiple occupational hazards. For example, exposure to benzene interacts with work stress can reduce birth weight in petrochemical workers [48] . As most of the occupational risk-outcome pairs cannot be accessed by randomized controlled trials, evidence from epidemiological studies and toxicological studies deserves consideration in future estimates [49] .
Finally, there are many uncertainties of applying the default parameters from the developed country to China. The relative risk is a critical parameter for the PAF and SEV estimations. It is derived from prospective observational studies and case-control studies by systematic reviews [15] . However, most of the relative risks come from studies conducted in high-income countries with lower occupational exposure, rather than low-and middle-income countries, which may cause biased estimates of PAF and SEV for a given population [49] . Moreover, the estimation of the TMREL is also a key step in the calculation of the PAF. A minor change of the TMREL can lead to relatively large changes in the PAF [49] . For all occupational risks, the TMREL is defined as no corresponding occupational exposure or background level to a given risk [15] . However, the background level of occupational hazards including carcinogens, asthmagens, and noises is often difficult to specify [36] . Additional epidemiological studies in regions with both high and low occupational exposure should be encouraged and supported to estimate relative risks and TMREL more accurately in China.
A human capital approach is suggested as an alternative method to provide accurate estimates of the impact of chemical exposure on population health [42, 49, 50] . It is a health economic method to assign monetary costs associated with adverse outcomes, including but not limited to traditional physical health such as cognitive deficits [42, 49] . A hybrid approach of the existing GBD method and the human capital approach should be encouraged to obtain more comprehensive and accurate estimates of the burden attributable to occupational risks.
Although the current method in GBD could not fully estimate the impacts of occupational risks on population health, the results were estimated from all accessible resources to produce relatively valid estimates up till now. Moreover, we take socioeconomic impact into our estimates to analyze differences among regions with different levels of development. Further work to increase the quality and availability of data are expected to devote adequate evidence for more valid estimates in China.
In conclusion, China is facing a tremendous disease burden attributable to occupational risk factors. Although the burden attributable to total occupational risks decreased between 1990 and 2017, the burden attributable to occupational carcinogens is rising greatly. The attributable burden is higher in males, and in less developed provinces of Western China. Our estimates will benefit policymakers to focus on preventing and reducing the health losses of workers in China.
